Titanium(IV) oxide (TiO 2 ) powders synthesized by HyCOM (hydrothermal crystallization in organic media) method, which had been proved to exhibit ultra-high photocatalytic activity in several reaction systems, were used as starting material for fabrication of transparent TiO 2 thin films.
Introduction
One of the most significant environmental applications of semiconductor photocatalysis is photoinduced removal of pollutants from air and water [1] [2] [3] [4] , as well as deodorization, prevention of stains, and sterilization [5] , under ambient conditions.
The most potent and almost sole candidate of the photocatalyst is titanium(IV) oxide (TiO 2 ) because of its high activity, photostability, and availability.
A key technology for realization of the practical application is preparation of immobilized-TiO 2 coatings, e.g., fabrication of transparent TiO 2 thin film on a glass substrate. Chemical and physical vapor deposition technique has been widely applied for the preparation of such thin films. Since these vapor methods need instrumental setup which enables to control temperature and pressure, their initial and running costs are generally high and the size of substrate is limited.
As an alternative, sol-gel processes including dip or spin-coating as a final step of preparation have been also used to prepare various kinds of metal oxide thin films, mainly due to relatively low cost and flexible applicability to wide ranges of size and shape of substrates. Through this technique, TiO 2 films of high photocatalytic activity were produced [6] [7] [8] . Preparation of TiO 2 films from crystalline colloidal TiO 2 solution were also reported [9] [10] [11] and recently TiO 2 thin films of high photocatalytic activity were obtained from a TiO 2 sol prepared by hydrothermal treatment of peroxotitanic acid solution [12, 13] or an alkoxide-derived TiO 2 gel [14] .
It is well known that the photocatalytic activity of these coatings strongly depends on the preparation and post-deposition treatments, since they give decisive influence on the chemical and physical properties of TiO 2 included in the coatings. Therefore, it is necessary to choose adequate processing conditions to yield highly active photocatalytic coatings.
Alternative promising strategy for making highly active photocatalytic coatings is attachment of stable TiO 2 particles of high photocatalytic activity onto substrate without reduction of their activity during the processing. If the size of the particles is enough Crystallization in Organic Media) exhibited photocatalytic activity much higher than representative active photocatalysts, P-25 (Degussa) and ST-01 (Ishihara) for dehydrogenation of 2-propanol [17] , silver metal deposition [17, 18] , and N-cyclization of (S)-lysine [19] . In addition to these reactions under deaerated conditions, photocatalytic mineralization of acetic acid in aerated aqueous solutions was also examined and the HyCOM-TiO 2 nanoparticles exhibited much higher rate of CO 2 formation from acetic acid [20] . and then dried at room temperature. The dried TiO 2 film was heated to 723 K at a rate of 10 K min -1 in air in a box furnace and kept at that temperature for 30 min.
This procedure of dip-coating followed by thermal treatment was repeated several times to obtain thicker films.
Characterization
Powder X-ray diffraction (XRD) (RINT 2500, Rigaku) was measured using
CuKα radiation with a carbon monochromater. Crystallite size was calculated from the half-height width of the 101 diffraction peak of anatase using the Scherrer equation.
The value of the shape factor, K, was taken to be 0. was measured by a Shimadzu UV-120 spectrometer.
Photocatalytic activity of HyCOM-sol for mineralization of acetic acid in aqueous solution under aerated conditions
Photocatalytic activity of HyCOM-sol for mineralization of acetic acid in aerated aqueous suspension was determined according to the previous papers [20, 22, 23] .
Prior to the photocatalytic reaction, decomposition of contaminated organic moieties on the TiO 2 surface was carried out; HyCOM-sol 5 cm 3 (TiO 2 content: 30 mg) was photoirradiated at wavelength >300 nm by a high-pressure mercury arc (400 W) under oxygen with magnetic stirring until carbon dioxide (CO 2 ) was not liberated any more.
After the pretreatment, air was bubbled into the sol for 30 min, and then acetic acid (175 µmol) was injected through a rubber septum. The resulting aerated sol was irradiated again at room temperature. Amount of CO 2 in the gas phase was measured at every 1 h by a Shimadzu GC-8A gas chromatograph equipped with a Porapak QS column.
Photocatalytic activity of HyCOM-films for decomposition of malachite green in aqueous solution under aerated conditions
Photocatalytic decomposition of malachite green (MG) in aqueous solution under aerated conditions was chosen to evaluate photocatalytic activity of TiO 2 thin films.
HyCOM-film (20 cm 2 ), the surface of which was hydrophobic before irradiation, was photoirradiated at wavelength >300 nm by the high-pressure mercury arc under air for more than 1 h until it showed hydrophilicity [24] . Then the film was laid on the bottom of a dish (9.7 cm in diameter) filled with an aqueous solution (5 µmol dm (distance: 10 cm). The MG concentration was measured from its absorbance at 611 nm. Figure 1 shows an XRD pattern of the starting HyCOM-TiO 2 powder consisting of anatase crystallites without any contamination of rutile or brookite. The size of anatase crystallites was calculated to be 11 nm from the broadening of its 101 diffraction peak and was consistent with their large specific surface area (156 m 2 g -1 ).
Results and Discussion

Sol and films prepared from HyCOM-TiO 2 particles
In a preliminary experiment, it was found that a diluted nitric acid solution (pH 2)
was one of the best medium to make stable suspension of HyCOM-TiO 2 particles, as suggested in a previous report for TiO 2 powders [25] . In this study, HyCOM-sol at pH 2 was used. As This suggests that porosity of TiO 2 in the latter film is larger than that in the former film although the amount of nitrogen adsorbed on these TiO 2 films was too small to evaluate to the pore structure and surface area. More porous structure of HyCOM film may be pointed out as one of the characteristic properties of HyCOM film.
Photocatalytic activity of HyCOM-sol for mineralization of acetic acid in aqueous solution
The previous reports [20, 22, 23] formation, respectively). From these results, it is confirmed that HyCOM-sol-B possesses excellent photocatalytic activity for the mineralization of acetic acid, as a typical photocatalytic reaction under aerated conditions. It should be noted that in these photocatalytic reactions the thickness of light path is enough large and thereby almost complete photoabsorption can be expected.
The difference in photocatalytic activity should depend solely on the efficiency of utilization of electron-hole pairs in each TiO 2 particle. HyCOM and STS, the rate was increased with the film thickness, but not linearly; the rate of each thicker film (film-B) was less than that expected from the rate of each thinner film (film-A). This could not be attributed to non-linear photoabsorption property, since the photoabsorption of the film was almost proportional to the thickness for each TiO 2 (Table 1) . Therefore, one of the reasons for non-linearity is that only the outer part of the TiO 2 could be exposed to the MG solution, i.e., penetration depth of the solution into the film is limited. Along with the thickness of TiO 2 film, the total number of absorbed photons, which produce electron-hole pairs, should be increased, but the number of adsorbed MG molecules can not be increased proportionally to result in the non-linearity of photocatalytic reaction rate. On the basis of these considerations, we can compare the photocatalytic activity of HyCOM and STS TiO 2 films depending on the film thickness, i.e., photoabsorption (Table 1) (Fig. 8) . Moreover, it should be noted that the rate of STS film almost was saturated at ca. 40 % absorption whereas the rate of HyCOM film was not saturated at the same absorption. This result can be explained by the porosity of TiO 2 in films as discussed previously, i.e., larger amount of 9 MG is adsorbed on the HyCOM films of higher porosity. Therefore, porosity of TiO 2 in films is also an important factor controlling the activity of TiO 2 films as well as the probability of electron-hole recombination.
Photocatalytic activity of HyCOM-films for degradation of MG in aqueous solution
In the present stage, we can not determine which of two significant factors of photocatalytic activity, larger amount of adsorbed substrate and smaller probability of electron-hole recombination, predominates these results. It has been clearly demonstrated that superior photocatalytic activity of source HyCOM-TiO 2 particles is preserved after immobilization on the glass substrate. Fig. 8 
Conclusion
